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Establishment of germline sexual identity is critical
for production of male and female germline stem
cells, as well as sperm versus eggs. Here we identify
PHD Finger Protein 7 (PHF7) as an important factor
for male germline sexual identity in Drosophila.
PHF7 exhibits male-specific expression in early
germ cells, germline stem cells, and spermatogonia.
It is important for germline stem cell maintenance
and gametogenesis in males, whereas ectopic
expression in female germ cells ablates the germline.
Strikingly, expression of PHF7 promotes spermato-
genesis in XX germ cells when they are present in
a male soma. PHF7 homologs are also specifically
expressed in the mammalian testis, and human
PHF7 rescues Drosophila Phf7 mutants. PHF7 asso-
ciates with chromatin, and both the human and fly
proteins bind histone H3 N-terminal tails with a pref-
erence for dimethyl lysine 4 (H3K4me2). We propose
that PHF7 acts as a conserved epigenetic ‘‘reader’’
that activates the male germline sexual program.
INTRODUCTION
Sex determination is key to sexual reproduction, and both
somatic cells and germcells need to establish sex-specific devel-
opmental fates. Germline sexual development is essential for the
production of two distinct gametes, and underlies important
differences in the regulation of male versus female fertility. In
some species, germline stem cells are present in both males
and females to sustain constant gamete production, but are regu-
lated differently throughout development. In other species such
as humans, sex-specific germ cell development produces
a germline stem cell population only in males, whereas females
have a much more limited capacity in making eggs. Defects in
germline sexual development lead to a failure in gametogenesis,
thus thestudyofgermlinesexdetermination isessential for under-
standing normal reproductive potential and treating infertility.
In some animals, such as mammals and Drosophila, the sex
chromosome compositions of the soma and germline are inter-
preted independently, and the ‘‘sex’’ of the germline must match
that of the soma for proper germ cell development to occur.
For example, patients with Klinefelter’s Syndrome have an XXY
sex chromosome constitution and are almost always infertile
(Jacobs and Strong, 1959; Klinefelter et al., 1942). These individ-Developmuals develop somatically as males due to the presence of a Y
chromosome but the germline suffers from severe atrophy,
including the loss of premeiotic germline and germline stem cells
(Wikstro¨m and Dunkel, 2008). This is due to the presence of
two X chromosomes in the germ cells, as the limited spermato-
genesis in these patients is from germ cells that have lost one of
the X chromosomes (Berge`re et al., 2002; Sciurano et al., 2009).
In Drosophila, XX females that are somatically transformed into
males exhibit a similar germline loss due to a conflict in sexual
identity between the masculinized soma and XX germline
(No¨thiger et al., 1989). Thus, fruit flies are a valuable model
organism for studying how germ cells establish a proper sexual
identity by coordinating intrinsic signals and those coming from
the soma.
In Drosophila, the presence of two X chromosomes promotes
female somatic identity by activating an alternative splicing
cascade that acts through Sex lethal (SXL) and Transformer
(TRA), and ultimately leads to production of either the male or
female forms of the transcription factors Doublesex (DSX) and
Fruitless (FRU) (reviewed in Camara et al., 2008; Siwicki and
Kravitz, 2009). DSX and FRU are responsible for virtually all sexu-
ally dimorphic somatic traits in Drosophila, with DSX being the
key factor in the somatic gonad. In contrast, the germline does
not determine its sex with this cascade and factors like TRA
and DSX are not required in germ cells (Marsh and Wieschaus,
1978; Schu¨pbach, 1982). Although SXL is required to promote
female germ cell identity, its targets and mechanism of action
in the germline are not known (Hashiyama et al., 2011; No¨thiger
et al., 1989; Schu¨pbach, 1985; Steinmann-Zwicky et al., 1989).
The transcription factor OVO and the ubiquitin protease Ovarian
Tumor (OTU) are also required in the female germline and
thought to function upstream of SXL (Oliver et al., 1990; Pauli
et al., 1993). Even less is known about how sexual identity is
specified in male germ cells. Male germ cells receive a signal
through the JAK/STAT pathway that promotes their sexual iden-
tity (Wawersik et al., 2005), but the downstream factors that are
subsequently activated are not known. Similarly, howmale germ
cells respond to their own sex chromosome constitution is also
not known.
In this study, we report a histone code reader, Plant Homeodo-
main (PHD) Finger 7 (PHF7), that acts in the Drosophila germline
to promote male sexual identity. PHF7 is specifically expressed
in male germ cells from early stages of development and is
restricted to male germline stem cells (GSCs) and spermato-
gonia. Phf7 is required for GSC maintenance and proper entry
into spermatogenesis. Interestingly, expression of Phf7 in female
germ cells causes ablation of the female germline. Moreover,
Phf7 affects sexual compatibility between germline and soma.ental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevier Inc. 1041
Figure 1. Expression Profiles of Phf7
(A and B) In situ hybridization of stage 17 male and female
embryos for Phf7. The signal at the anterior (left) of the
female embryo comes from hybridization of the Dfd-lacZ
transgene used for sexing.
(C) RT-PCR of Phf7 in adult tissues. Carcass refers to
whole adult flies with gonads removed. Ribosomal protein
RpLP0 was used as internal control.
(D–F) Immunofluorescence of the C-terminally HA-tagged
PHF7 BAC transgene, colabeled as indicated on the
panels. The 0 panels display the PHF7 channel alone. Anti-
VASA labels the germline and DAPI labels the DNA.
(D and D0 ) Adult testis. (E and E0) Adult ovary. (F, F0, and F00)
Colocalization of BAM with HA-tagged PHF7 in adult
testis. The hub is indicated with a white asterisk. (F00)
Displays only the BAM channel.
(G) Fractions of stage 17 embryonic gonads expressing
Phf7 by in situ hybridization of stage 17 mutant embryonic
gonads. Genotypes are as indicated. Note that Phf7 is
induced in XX germ cells in a male soma (tra-) and
repressed in XY germ cells in a female soma (traF).
See also Figure S1.
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Phf7 Controls Male Germline Sex DeterminationLoss ofPhf7 in XY germ cells alleviates the germline loss typically
observed when XY germ cells are surrounded by a female soma,
and expression of Phf7 can induce spermatogenesis in XX germ
cells nurtured by male soma. These findings indicate that Phf7 is
an essential factor in determining sexual development in the
Drosophila germline, and suggest that activation of the male
identity occurs through interaction with the germline epigenome.
RESULTS
Phf7 Expression Is Specific to the Male Germline
In an in situ screen for genes differentially expressed between
the male and female embryonic gonad (Casper and Van Doren,1042 Developmental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevier Inc.2009), we identified CG9576 as a male-specific
gene (Figures 1A and 1B). Due to the extensive
homology and likely orthology between
CG9576 and mammalian Phf7 (see below), we
will refer to the Drosophila gene as Phf7. RT-
PCR on adult tissues indicated that Phf7
expression is exclusive to the gonads and
strongly biased toward the testis (Figure 1C).
To analyze expression at the protein level, we
used recombineering to generate epitope-
tagged Phf7 transgenes within the context of
a large region of the genomic DNA surrounding
the Phf7 locus. These transgenes fully rescue
Phf7 loss-of-function mutants (Figures S1A
and S3B available online). Western blot anal-
yses of adult tissues confirmed that PHF7
expression is gonad-specific and strongly
male-biased (Figure S1B). Immunofluorescence
analyses of adult ovaries indicated that
expression was below the limit of detection.
In contrast, the testes exhibited substantial
PHF7 expression in GSCs and spermatogonia
(Figures 1D, 1E, S1C, and S1D). The peak of
expression was seen in 4- to 8-cell spermatogo-nial cysts and declined sharply afterwards, as indicated by
colocalization with Bag of Marbles (BAM), which is known to
be present in 4- to 8-cell cysts (Figure 1F; McKearin and
Ohlstein, 1995). The restriction of Phf7 expression to undifferen-
tiated male germline suggests a possible role in early develop-
ment of the male germline lineage.
There are two known contributors to male germline gene
expression: the signals from the somatic gonad and the germ
cell’s own sex chromosome constitution (Casper and VanDoren,
2006). To test if Phf7 expression is induced by the male soma,
we asked if XX germ cells surrounded by a male somatic
environment would upregulate Phf7 expression by examining
masculinized (tra mutant) XX gonads. By in situ hybridization,
Figure 2. Loss of Phf7 Causes Male-Specific
Developmental Defects in the Germline
(A) Average fecundity of single female flies mutant for
Phf7 compared to heterozygous controls. Error bars
represent SD.
(B) Average fecundity of single male flies mutant for Phf7
compared to mutant males rescued with either the BAC,
UAS-Phf7 transgene, or UAS-human PHF7 (hPhf7)
construct. Error bars represent SD.
(C) Representative images of control or Phf7-mutant
genetic mosaic clones at 10 days post clone induction.
Clones are indicated by loss of GFP (green); VASA
(germline, red); N-CADHERIN (hub, blue). Genotypes are
as indicated in Experimental Procedures.
(D) Average numbers of GSC control (green diamonds)
and mutant (blue squares) clones plotted for 2, 5, and
10 days after clonal induction.
(E) Average numbers of control (green diamonds) or
mutant (blue squares) spermatocyte clones at 2, 5, and
10 days after clonal induction.
See also Table S1.
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Phf7 Controls Male Germline Sex Determinationsuch XX germline was found to express Phf7 at levels similar to
control XY germline (Figure 1G). Conversely, we tested if XY
germ cells surrounded by female soma can still express Phf7
by feminizing the somatic gonad of XY embryos through general
expression of traF (U2AF-traF) (Evans and Cline, 2007). We
observed that Phf7 expression in XY germ cells is repressed
when in contact with female soma, but the expression level is still
higher than XX germ cells in contact with female soma (Fig-
ure 1G), suggesting that XY germ cells are able to upregulate
Phf7 expression intrinsically. Taken together, these results indi-
cate that Phf7 expression is regulated both extrinsically by the
somatic gonad and intrinsically, by the germline sex chromo-
some constitution.
Phf7 Is Important for Fertility in Males but Not Females
To elucidate the role of Phf7 in gametogenesis, we generated
loss of function alleles of Phf7 by P-element excision of the EP
line EY03023. Three deletion mutants were obtained: DN2,
DN18, and D88 (Figure S3A). In DN2 and DN18, the N-terminal
portions of the Phf7 ORF have been deleted and are likely null
alleles. Phf7 is completely removed in D88, but part of the down-
stream gene Rab35 is also deleted. Both males and females
mutant for these Phf7 alleles are adult viable.
Fecundity tests were performed to test if loss of Phf7 affected
spermatogenesis or oogenesis. We found that mutant females
(Phf7DN2/D88 and Phf7DN18/D88) retained full fecundity, indicating
that Phf7 does not contribute to oogenesis (Figure 2A). In
contrast, males mutant for Phf7 (Phf7DN2/Y and Phf7DN18/Y)
showed substantially impaired fecundity compared to geno-
type-matched controls (Phf7DN2/Y; BAC/+ and Phf7DN18/Y;
BAC/+; Figure 2B). The defect in male fecundity can also be
restored with the basal activity of a UAS-Phf7 cDNA construct,
confirming that effects on fecundity in mutant males were indeed
due to the loss of Phf7 (Figure 2B). There are single, clear homo-
logs for Phf7 in the mouse and human genomes, and expression
of these genes appears to be strongly biased toward the testis
(Figure S2). Importantly, human PHF7 was able to rescue theDevelopmfecundity defect in Phf7 mutants, indicating that the human
and Drosophila PHF7 proteins are functionally orthologous
(Figure 2B).
Phf7 Is Required for Male Germline Stem Cell
and Spermatogonial Development
The male-specific reduction in fecundity is consistent with the
male-biased expression of Phf7, and prompted us to charac-
terize the cellular basis of this defect. GSCs and spermatogonia
represent the main cell types that express Phf7, thus we investi-
gated the role of Phf7 in these populations using genetic mosaic
clonal analysis. Because Phf7 is located on the X chromosome, it
was not possible to utilize the standard approach for mitotic
recombination (Golic, 1991). Instead, we used Phf7 mutant
males carrying a Phf7 BAC rescue construct on a marked chro-
mosome that could be eliminated by mitotic recombination
(Experimental Procedures). Upon expression of FLP recombi-
nase, clones of unmarked cells are generated that have lost
the rescuing BAC and are therefore mutant for Phf7 (Figure 2C).
Using this technique, the maintenance of mutant germline
clones over time was examined. We found that the number of
Phf7 mutant GSCs declined steadily over time whereas those
of control genotype were maintained (Figure 2D and Table S1),
indicating that Phf7 is essential for GSC maintenance. The
numbers of mutant versus control spermatocyte clones were
also recorded to monitor the role of Phf7 in spermatogonial
development. Although some mutant spermatocyte clones
were observed, the numbers were substantially lower than those
of controls (Figure 2E and Table S1). Because the decrease in
Phf7-mutant spermatocytes compared to controls is far greater
than the difference in initial GSC clones produced, we conclude
that Phf7mutant germ cells are also defective in spermatogonial
development. In summary, mosaic clonal analyses indicate that
Phf7 acts germline-autonomously to regulate maintenance of
male GSCs and development of spermatogonia.
In addition to the genetic mosaic clonal analyses, we also
wanted to establish the effects of Phf7 in male GSCs andental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevier Inc. 1043
Figure 3. Profiles of GSCs and Spermato-
gonia in Hemizygous Phf7 Mutant Testes
Compared to Controls
(A) Average numbers of GSCs in mutant and BAC-
rescued testes. Error bars represent SD.
(B) Percentages of centrosome pairs in GSCs that
did not exhibit hub-proximal orientation in mutant
and BAC-rescued testes.
(C) FLP-mediated lineage analysis of GSCs and
developing spermatogonia in hemizygous Phf7
mutant (blue squares) and control testes (green
diamonds). Genotypes are as in Experimental
Procedures. The number of spermatogonial
clones at 1-, 2-, 4-, 8-, and 16-cell stage per GSC
clone is plotted at 2 days postclonal induction.
(D–G) Adult testes are immunolabeled as indi-
cated. D0 and E0 show the BAM staining alone.
Hubs are marked with white asterisks. Note the
reduced population of BAM-positive spermato-
gonial cysts in Phf7 mutant (D, Phf7DN2/Y)
compared to BAC-rescued testes (E, Phf7DN2/Y;
BAC/+). (F and G) Expanded population of
esgM5-4-expressing germline in Phf7 mutant
(F, Phf7DN2/Y) testes compared to controls (G,
Phf7DN2/Y; BAC/+). Arrow points to a branched
fusome connecting a 4-cell spermatogonial cyst.
(H) Localization of spectrosomes is altered in
Phf7 mutant GSCs compared to BAC-rescued
counterparts. Cartoons on the left depict the typical spectrosome localization patterns that are different in male and female GSCs. The percentages of GSCs
exhibiting hub-proximal spectrosomes are plotted on the graph to the right for both Phf7mutants and BAC-rescued samples. For all bar graphs, the numbers at
the base of the bars indicate the sample size for each genotype.
See also Figure S3.
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Phf7 Controls Male Germline Sex Determinationspermatogonia in the context of whole mutant testes. Interest-
ingly, we did not observe a decrease in GSC number in Phf7
mutants and, in fact, GSC number wasmoderately elevated (Fig-
ure 3A), a trend that persisted even with aging (data not shown).
It is intriguing that mutant GSCs are retained when present with
other mutant GSCs, but not when they are in competition with
wild-type GSCs, as was the case in our mosaic clonal analysis.
However, this phenomenon has been observed previously, for
example with Stat92E mutant GSCs, which are lost rapidly if
they are in competition with wild-type GSCs (Kiger et al., 2001;
Tulina and Matunis, 2001), but are retained when all GSCs are
mutant (Leatherman and Dinardo, 2008). Thus, placing GSCs
in competition with wild-type GSCs is likely a more sensitive
assay for defects in GSC maintenance. Activation of the JAK-
STAT pathway was not affected in mutant GSCs (data not
shown). Mutant GSCs were also examined for their ability to
carry out oriented divisions as is the case in wild-type GSCs
(Yamashita et al., 2003). In Phf7 mutants, GSCs were at least
as mitotically active as control GSCs (Figure S3C), but their
centrosomes were not as reliably oriented toward the hub-
GSC interface as in wild-type (Figure 3B), although this did not
result in an increase in misoriented GSC divisions (Figure S3D).
In contrast, we found that the spectrosomes, a germline-specific
organelle, were more likely to be localized to the hub-GSC
interface (Figure 3H). Interestingly, the localization of the spec-
trosomes, but not the centrosomes, to the niche-GSC interface
is a characteristic of female GSCs rather than male GSCs (de
Cuevas and Spradling, 1998; Lin et al., 1994), indicating that
Phf7 mutant GSCs are feminized (see below).1044 Developmental Cell 22, 1041–1051, May 15, 2012 ª2012 ElseviTo better examine the dynamics of spermatogonial develop-
ment in hemizygous Phf7 mutant versus control testes, we
carried out a lineage tracing experiment. Using standard FLP/
FLP recognition targets (FRT) techniques, we labeled a fraction
of GSCs in either mutant or control testes and tracked the
numbers of spermatogonial cysts at various stages at 2 days
postlabeling. By calculating the number of spermatogonia
produced by each labeled GSC, it was possible to determine
the developmental capacity of spermatogonia in mutant testes
compared to controls. We found that the number of spermato-
gonia generated per GSC was far lower in mutants than that of
controls (Figure 3C), with less than half of the 4-cell and 8-cell
cysts produced in Phf7 mutants, indicating that loss of Phf7
impairs the ability of male germline to transit through spermato-
gonial stages.
To address defects in spermatogonial development, we first
examined BAM, a prodifferentiation factor expressed in 4- to
8-cell germline cysts (Go¨nczy et al., 1997; McKearin and Spra-
dling, 1990). In Phf7 mutants, we still observe BAM expression
in 4- to 8-cell cysts, but the region of BAM staining is diminished
compared to that in controls (Figure 3D), indicating that fewer
BAM-positive cysts are present in mutant testes. Anothermarker
examined was esgM5-4, an enhancer trap that is expressed in
the hub, GSCs, and gonialblasts. Interestingly, in Phf7 mutants,
a larger domain of esgM5-4 expression was observed that
frequently persisted until the 4- and occasionally 8-cell stages
(Figure 3F). The failure to downregulate esgM5-4 and the
decrease in BAM staining are consistent with defects in transi-
tioning from undifferentiated GSC and early spermatogonia toer Inc.
Figure 4. Overexpression of Phf7 Induces
Apoptosis Only in the Undifferentiated
Female Germline
(A–E) Ovaries from freshly eclosed females are
immunolabeled as indicated; VASA (green, germ-
line), N-CADHERIN (red, terminal filaments in
female, hub in male), HTS (blue, fusome). (A)
Control ovary (nos-Gal4). (B) EY03023/w; nos-
Gal4/+. (C) EY03023/w;UAS-Gal4/+; Bam-Gal4/+.
(D) EY03023/c587-Gal4. (E) UAS-Phf7/nos-Gal4.
(F and G) Testes from newly eclosed males are
immunolabeled as in (A–E). (F) Control testis
(nos-gal4). (G) EY03023/Y; nos-Gal4/+.
(H) Average numbers of activated Capase-3
positive germ cells in control (nos-Gal4) and UAS-
Phf7/nos-Gal4 third instar ovaries.
(I–K) Third instar larval ovaries are immunolabeled
as indicated. (I) UAS-Phf7/nos-Gal4 3rd instar
ovaries highlighting germline undergoing Capase-
3-dependent apoptosis. (I0) Activated Caspase-3
signal alone. (J and K) Loss of germline observed
in third instar ovaries of control (J, nos-Gal4) and
UAS-Phf7/nos-Gal4 (K).
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Phf7 Controls Male Germline Sex Determinationlater stages of cyst development and suggest that Phf7 is
required for male germline differentiation.
Expression of Phf7 Leads to Ablation of Female
Germ Cells
In addition to the male-specific loss of function phenotype,
another dramatic sex-specific effect of Phf7 occurred when it
was expressed in female germ cells. The female germline
suffered severe loss when Phf7 was expressed in the germline
using nos-Gal4 (VASA; Figure 4B). In newly eclosed adults,
a majority of ovarioles exhibited severe germline depletion, and
by 5 days after eclosion few ovarioles contained any germline.
In contrast, the male germline was unaffected morphologically
and those males were fully fertile (VASA; Figure 4G, data not
shown). This effect was observed when using either an EP line
containing a UAS sequence inserted 500 bp upstream of the
transcription start site of Phf7 (EY03023) or a UAS-Phf7 cDNA
construct. Although both fly lines were able to cause female
germline loss when driven with nos-Gal4, the effect with the EP
line was stronger, possibly due to higher expression levels
(Figures 4B and 4E). Intriguingly, only undifferentiated female
germline was sensitive to Phf7 overexpression. When Phf7 was
expressed in differentiating germ cells starting at the 2-cell
cyst stage (Bam-Gal4, UAS-Gal4), no germline loss was
observed (Figure 4C). Similarly, no effect was observed when
Phf7was expressed in the somatic cells of the gonad (Figure 4D).
To understand the nature of the germline loss, females ex-
pressing Phf7were examined as third instar larvae when ovarian
differentiation normally begins (Godt and Laski, 1995; Zhu and
Xie, 2003). We found that significant loss of germline had already
occurred at the time the female germline stem cell niche (terminal
filaments) is forming (NCAD, Figure 4K). Moreover, female
germ cells expressing Phf7 at this stage were positive for acti-
vated Caspase-3 at a frequency10-fold higher than in controls
(Figures 4H and 4I). Thus the female germline appears to
become sensitive toPhf7 expression as germ cells are becomingDevelopmGSCs, suggesting that PHF7 interferes with an early stage of the
female germ cell developmental program. Interestingly, this is
the same stage at which male (XY) germ cells begin to atrophy
when present in a female soma (S. Murray and M.V.D., unpub-
lished data).
Phf7 Promotes the Male Program of Germ Cell
Development
The phenotypes of Phf7 mutant males and PHF7-expressing
females suggested that PHF7 is involved in establishing the
male germline sexual program. Consistent with this, we
observed that Phf7 mutant male GSCs were more likely to
have their spectrosomes adjacent to the hub-GSC interface,
and their centrosomes displaced from this interface, which is
more characteristic of female GSCs. To investigate further
if XY germline is feminized in the absence of Phf7, we examined
XY flies that have been transformed into females. Normally, an
XY germ cell present in a female soma fails to develop properly
due to the sexual incompatibility between the germline and the
soma (Steinmann-Zwicky et al., 1989; Van Deusen, 1977). We
reasoned that if Phf7 promotes a male germline identity, then
the loss of Phf7 function from the germ cells in these animals
would make the XY germ cells more compatible with a female
soma. To feminize the soma, we expressed traF ubiquitously
(U2AF-traF) in an otherwise XY animal, which causes the XY
germline to degenerate (VASA, Figure 5B). When Phf7 function
was removed from these XY females, we observed much
improved germline retention and organization in the XY
pseudo-ovaries (VASA, Figure 5C), suggesting that loss of Phf7
has indeed shifted XY germ cells toward a partially feminized
identity.
Next, we asked the reciprocal question of whether Phf7
expression can induce male germline development in XX germ
cells. To address this, we first tested if the effects of Phf7 expres-
sion are synergistic with those thought to masculinize XX germ-
line. Mutations in otu cause tumorous ovaries and, in theental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevier Inc. 1045
Figure 5. Phf7 Controls the Male Germline
Sexual Program
(A–C) Adult ovaries are immunolabeled as indi-
cated. (A) Control XX ovary (+/+; U2AF-traF/+). (B)
Feminized XY gonad overexpressing traF (+/Y;
U2AF-traF/+). (C) Phf7 mutant XY gonad over-
expressing traF (Phf7DN2/Y; U2AF-traF/+). Note
the significant rescue of germ cell number and
organization in (C) compared to (B).
(D–G) Adult testes are immunolabeled as indi-
cated. (D) Control XY testis (nos-Gal4). (E)
Masculinized (tra-mutant) XX pseudo-testis (+/+;
nos-Gal4, tra1/Df(tra)). (F and G) Phf7-over-
expressing, tra mutant XX pseudo-testis
(EY03023/+; nos-Gal4, tra1/Df(tra)). (F) Example of
an unrescued pseudo-testis. (G) Example of
a fully-rescued, wild-type-looking pseudo-testis.
(H–J) Phase contrast images of adult testes. (H) XY
control (Oregon-R, +/Y). (I) XO males (yw/O;
ncdD/+). (J) Phf7-overexpressing, tra mutant XX
pseudo-testis (EY03023/+; nos-Gal4, tra1/Df(tra)).
(K–M) Nuclear condensation of maturing sperm at
the base of adult testis coils revealed by DAPI
stains. (K) XY control (Oregon-R, +/Y). (L) XO
males (yw/O; ncdD/+). (M) Phf7-overexpressing,
tra mutant XX pseudo-testis (EY03023/+; nos-
Gal4, tra1/Df(tra)). (J and M) Examples of Phf7-
rescued pseudo-testes.
See also Figure S4.
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Phf7 Controls Male Germline Sex Determinationstrongest cases, germline loss, similar to XY germ cells in
a female soma (King et al., 1986). Interestingly, when Phf7 was
expressed in the XX germline under conditions that exhibited
only partial germline loss (UAS-Phf7, 1 day old adults), being
heterozygous for mutations in otu caused a significant enhance-
ment of the germline loss phenotype (Figure S4). This supports
the view that Phf7 expression is indeed able to promote male
identity in XX germ cells.
We next wanted to determine whether Phf7 expression was
sufficient to induce XX germ cells to make sperm, the most strin-
gent test of male germ cell identity. This was done by examining
XX flies that have been transformed to a male somatic identity
due to mutations in tra. XX germ cells in these animals cannot
develop normally and give rise to atrophic gonads (Figure 5E),
again because the XX germline is sexually incompatible with
a male soma. When Phf7 was overexpressed in these XX germ
cells (nos-Gal4, EY03023), a fraction (6%) of the gonads
appeared completely rescued and were identical in size and
morphology to wild-type testes (Figures 5G, 5J, and Table 1).
This rescue was not observed in any of our tra-mutant controls,
including the Gal4 driver alone, the UAS element alone, or the
Gal4 driver expressing a control construct (UAS-lacZ). In addi-
tion, these testes exhibited late-stage sperm, including sperm
tails and the condensed chromatin characteristic of differenti-
ated sperm heads (Figure 5M). Because these animals lack
a Y chromosome, which contains genes required for sperm
function, we could not test these animals for fertility. However,
the pseudo-testes and sperm that developed resembled those
produced by otherwise normal males that lack a Y chromosome
(XOmales, Figures 5I, 5J, 5L, and 5M). The remaining, unrescued1046 Developmental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevipseudo-testes appeared similar to XX tra-mutant pseudo-testes
that lacked Phf7 expression (Figure 5F). The low percentage of
rescue may be due to residual female character promoted by
the presence of two X chromosomes, the lack of optimal expres-
sion pattern generated for Phf7, or the requirement of another
male-promoting pathway. Regardless, the fact that Phf7 is able
to induce spermatogenesis in XX germ cells is a strong indication
that it can promote the male program of germ cell development.
PHF7 Specifically Associates with Chromatin
To understand how Phf7 is able to induce the male germline
sexual program, we searched for predicted domains present in
the protein. The N-terminal 300 amino acids of Drosophila
PHF7 exhibits a high degree of homology to human PHF7
(32% identity, 52% similarity; Figure S5), and a lower degree of
homology to other PHD finger-containing proteins. The remain-
ing 220 amino acids of D. melanogaster PHF7 lack homology
to other proteins, and are absent even in some Drosophila
species. PHD fingers are frequently found in chromatin-associ-
ated proteins and most commonly interact with the N-terminal
tail of histone H3, often specifically recognizing either the meth-
ylated or unmethylated form of H3 lysine 4 (H3K4me0 versus
H3K4me2/3, reviewed in Sanchez and Zhou, 2011). The two
HA-tagged versions of our Phf7 genomic rescue construct
(C versus N terminus; Figure S1A) exhibited similar cell type
immunoreactivity, but different degrees of nuclear localization
(Figures 1D and S1C). The observation that PHF7 can localize
to the nucleus is consistent with it being a chromatin-associated
molecule. PHF7 contains a putative nuclear export signal at its N
terminus (la Cour et al., 2004), suggesting that the protein mayer Inc.
Table 1. Expression of Phf7 in XX Germ Cells Can Induce













+/+; nos-Gal4,tra1/Df(tra) 1–3 0 86 0
EY03023/+; tra1/Df(tra) 1–3 0 210 0
EY03023/+; nos-Gal4,tra1/
Df(tra)
1–3 10 292 3.4
+/+; nos-Gal4,tra1/Df(tra) 5 0 134 0
+/+; nos-Gal4,tra1/
UAS-lacZ,Df(tra)
5 0 26 0
EY03023/+; nos-Gal4,tra1/
Df(tra)
5 5 84 6.0
aPercent rescue is calculated by dividing the number of rescued pseudo-
testes by the total number of pseudo-testes analyzed.
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Phf7 Controls Male Germline Sex Determinationshuttle between the nucleus and cytoplasm as an added layer of
regulation. This is supported by the fact that the N-terminal
tagged version of PHF7 is more strongly localized to the nucleus,
indicating that the tag may interfere with the nuclear export
signal.
To investigate if PHF7 indeed associates with chromatin, we
first examined its localization on polytene chromosomes in
Drosophila larval salivary glands, which are composed of
1,000 aligned chromosomes allowing for direct visualization
of proteins bound to specific regions of the genome. When
Phf7 was expressed in the salivary glands, we observed exten-
sive colocalization between PHF7 and polytene regions positive
for histone H3 di- and trimethylated on lysine 4 (Figures 6A and
6B), marks of active transcription. This pattern was observed in
polytene chromosomes from both male and female larvae
(data not shown), and PHF7 also colocalized well with interbands
(less intense DAPI staining), regions that are enriched for active
genes. In contrast, PHF7 did not colocalize with the repressive
chromatin mark of trimethylated histone H3K27 (H3K27me3;
Figure 6C). To determine whether PHF7 is able to directly asso-
ciate with modified histones, as has been observed for other
PHD finger proteins, we used a binding assay between recombi-
nant PHF7 and peptides representing the N-terminal tail of
histone H3 that contain specific modifications. Interestingly, we
found that both a fragment of Drosophila PHF7 covering all three
putative PHD domains (aa 1–274) as well as full-length human
PHF7 were able to associate with H3 N-terminal tail peptides,
and exhibited a specificity for those modified by dimethylation
of lysine 4 (H3K4me2; Figure 6D). In contrast, human ING2 ex-
hibited a preference for H3K4me3, as previously reported (Shi
et al., 2006). Together, these data indicate that PHF7 is a chro-
matin-associated factor found at sites of active transcription
that can bind specifically to modified histone H3, specifically
H3K4me2.
DISCUSSION
Here we report the identification of PHF7, which acts as a critical
factor to trigger male germline sexual development. Phf7 isDevelopmrequired for the proper male development in XY germ cells and
can even induce spermatogenesis in XX germ cells when present
in a male soma. Further, the presence of Phf7 orthologs that are
expressed in the male germline in mammals indicates that this
family of proteins represents conserved regulators ofmale germ-
line sexual development.
PHF7 and Germline Sexual Identity
Our data indicate that Phf7 acts to promote a male identity in the
germline. Loss of Phf7 function affected male GSC maintenance
and spermatogenesis, but had no effect in females (Figures 2
and 3). Phf7-mutant GSCs exhibited a more female-like pattern
of spectrosome localization (Figure 3H), andmale (XY) germ cells
mutant for Phf7 were more compatible with a female soma than
were wild-type male germ cells (Figures 5B and 5C). Further,
expression of PHF7was able tomasculinize the female germline:
PHF7 expression induced apoptosis in developing XX germ cells
and interacted with mutations in otu in a manner that indicates
XX germ cells that express PHF7 are more male-like (Figures 4
and S4). Strikingly, PHF7 expression was able to induce sper-
matogenesis in XX germ cells when they are present in a male
soma (Figure 5), something that XX germ cells are normally not
able to do. Taken together, these results indicate that Phf7
promotes and is sufficient to inducemale identity in the germline.
Sex determination is thought to be initiated early during devel-
opment, and sex-specific differences in the male and female
germline are first observed during embryogenesis (Casper and
Van Doren, 2009; Hashiyama et al., 2011; Poirie´ et al., 1995;
Staab et al., 1996; Wawersik et al., 2005). Our data indicate
that Phf7 plays a role in early germline sexual development,
rather than a late role to regulate germ cell differentiation and
gametogenesis. First, PHF7 expression is observed in the
embryonic gonad and, in the adult, PHF7 is found in the GSCs
and early gonia and disappears dramatically as gonia transition
to spermatocytes (Figures 1D and 1F). Further, forced PHF7
expression disrupts early female germ cell development, around
the time when they are first forming GSCs (Figure 4). Expression
of PHF7 after the early cystoblast stage (Bam-Gal4, UAS-Gal4)
had no effect on the female germline, indicating that it can only
affect early stages of female germ cell development. Phf7
mutants show defects in male GSC behavior and maintenance,
and in the initial progression to form spermatocytes, but it is
possible that these defects are due to even earlier problems in
male sexual identity.
Germline sexual identity is determined by both the germ cell
sex chromosome constitution and signals from the surrounding
soma (Murray et al., 2010). Phf7 expression is activated in XX
germ cells when in contact with a male soma and repressed in
XY germ cells when contacting a female soma (Figure 1G).
However, in a female somatic environment, XY germ cells are
somewhat more likely than XX germ cells to express Phf7, indi-
cating that Phf7 may also respond to the sex chromosome
constitution of the germ cells in addition to being regulated by
the soma. Further, exogenous expression of Phf7 is required to
promote spermatogenesis in XX germ cells when in a male
soma. Thus, the Phf7 expression that is normally initiated in
such germ cells by themale somamust either not bemaintained,
or may be insufficient to overcome the influence of the XX sex
chromosome genotype.ental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevier Inc. 1047
Figure 6. PHF7 Is a Histone Code Reader
(A–C) Polytene chromosomes isolated from salivary
glands expressing UAS-Phf7-HA with fkh-Gal4 are cola-
beled with antibodies for HA (PHF7) and various modifi-
cations on histone H3 tails as indicated. DAPI labels the
DNA. (A) H3K4me3. (B) H3K4me2. (C) H3K27me3. Smaller
panels represent larger magnification of regions of the
chromosomes (white rectangles) showing either the H3
mark (green) or HA-PHF7 (red) alone, or with the single
channels split and aligned on the same image for direct
comparison.
(D) a-MBP western blot analyses of MBP-tagged proteins
precipitated with H3 N-terminal tail peptides modified as
indicated. dPHF7-N is the N-terminal PHD finger domain
of Drosophila PHF7, hPHF7 is full length human PHF7 and
hING2 is the PHD finger of human ING2. Inputs are 1% for
dPHF7 and hING2 and 10% for hPHF7. Note that the low
specific activity of dPHF7-N in the binding assay was due
to a tendency to aggregate in solution that was remarkably
consistent with different protein fragments and purifica-
tion conditions.
See also Figure S5.
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identity. Phf7 mutant males are still able to undergo spermato-
genesis, but at a much reduced capacity. This appears to be
the null phenotype for Phf7 as our mutants have lost significant
portions of the coding sequence (see Experimental Procedures).
Further, when PHF7 is expressed in XX germ cells present in
a male soma, these germ cells can undergo spermatogenesis,
but the penetrance of this phenotype is low. Interestingly, the
rescue of spermatogenesis in these XX germ cells follows an
‘‘all or nothing’’ pattern; either the rescue is largely complete to
give full testes and sperm production, or little rescue is observed.
Therefore, there appears to be a threshold that must be crossed
to promote male germline sexual identity, and that once this
threshold is met, those germ cells either take over the testis, or
induce other germ cells to also follow the male pathway. The
simplest explanation for both the incomplete block to spermato-
genesis in Phf7mutants and the incomplete rescue of spermato-
genesis by Phf7 in XX males is that an additional factor (or
factors) exists that promotes male identity in addition to Phf7.
Such a factor could function parallel to Phf7 in a single pathway,
or represent independent input regarding germline sex determi-
nation (e.g., independent signals from the soma that influence
germline sex).
PHF7 Is a Histone Code Reader
PHD fingers, such as those found in PHF7, are best known for
their ability to specifically bind histones that have been modified
on their N-terminal tails, in particular methylated H3K4 (Bienz,
2006). Here we show that both Drosophila and human PHF7
can directly associate with dimethylated H3K4, indicating that
PHF7 is indeed a histone code reader. It is uncommon for PHD
domains to associate preferentially with H3K4me2 over
H3K4me3, but this specificity has been observed previously
(Kim and Buratowski, 2009; Wilson et al., 2008), and is likely
important for how PHF7 modulates expression of its targets.
Both di- and trimethylatedH3K4 are found at actively transcribed
genes, but H3K4me2 is normally localized at the 50 end of coding
sequences, downstream of H3K4me3, which is near promoters1048 Developmental Cell 22, 1041–1051, May 15, 2012 ª2012 Elsevi(Barrera and Ren, 2006). The two marks are also regulated by
different demethylases (Eissenberg et al., 2007; Kavi and Birch-
ler, 2009; Rudolph et al., 2007). A few recent studies have started
to dissect effects of H3K4me2 on gene transcription (Kim and
Buratowski, 2009; Pinskaya and Morillon, 2009), but the exact
mechanisms are not well understood. Some PHD finger proteins
also contain other domains, such as those that modify histones
enzymatically. This does not appear to be the case for PHF7, and
the region of homology between PHF7 homologs of different
species is restricted to the PHD domains. However, individual
PHD fingers can bind modified histone tails independently, and
it is yet unclear which PHD finger in PHF7 contacts H3K4me2
and what activities the others might have. The logic of how
PHF7 is recruited to specific loci and affects chromatin structure
and gene activity are interesting questions for future work.
Another point of interest is how a reader of such a common
epigenetic mark would have a sex-specific role in regulating
male germline identity. It has been observed that mutation of
an H3K4me2 demethylase in Caenorhabditis elegans, which
leads to increased dimethylation at H3K4, results in ectopic
activation of male-specific germline genes (Katz et al., 2009). A
similar mutation in Drosophila causes female germline develop-
mental defects (Szabad et al., 1988), which may be related to the
germline atrophy we observedwhen PHF7 expression was upre-
gulated in female germ cells. These data are consistent with the
hypothesis that H3K4me2 has a role in regulating themale germ-
line genome. Interestingly, we have recently identified another
germline chromatin factor, No child left behind (NCLB), that is
expressed in germ cells of both sexes but required for GSC
function only in males (Casper et al., 2011). Thus, NCLB may
cooperate with PHF7 in regulating the male GSC transcriptional
program.
Mammalian Orthologs of Phf7 Likely Also Function
in Male Germline Development
Based on sequence homology, orthologs of Phf7 are present in
a wide range of mammalian species. Human and mouse PHF7
share extensive homology to Drosophila PHF7 throughout theer Inc.
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Phf7 Controls Male Germline Sex DeterminationN-terminus where the PHD fingers are present (Figure S5), and
our results confirm that human PHF7 recognizes H3K4me2,
similar to the fly protein. Interestingly, EST profiling (UniGene;
Figure S2) indicates strong testis biases for Phf7 expression in
many species, including humans, mice, rats, and dogs. More-
over, several studies that performed genome-wide RNA profiling
from purified mouse germline populations indicate that mouse
Phf7 expression is present in spermatogonia and is further
induced in spermatocytes (Fallahi et al., 2010; Rossi et al.,
2008). Remarkably, human PHF7 was able to rescue fecundity
defects in male flies mutant for Phf7 (Figure 2B). Thus, the
sequence conservation observed between mammalian and
Drosophila Phf7 represents true functional orthology.
As inDrosophila, germline sex determination in mouse is regu-
lated at an early stage and is controlled by important signals from
the soma, which for the mouse include retinoic acid and FGF9
(Bowles et al., 2006; Colvin et al., 2001; Koubova et al., 2006).
Such signals regulate the timing of meiotic entry, which is
different between the sexes, and also influence sex-specific
programs of germline gene expression, such as expression of
the key male-specific factor nanos2 (Tsuda et al., 2003). Signifi-
cant changes in germ cell chromatin occur during this critical
time in germ cell development, including changes in the H3K4
methylation state (Hajkova et al., 2008). Thus, Phf7 represents
a prime candidate for interpreting these chromatin changes in
a sex-specific manner to regulate male-specific gene expres-
sion. It will be of great interest to determine whether Phf7 plays
a critical role in mouse and human male germ cell development,
as we propose for Drosophila.EXPERIMENTAL PROCEDURES
Fly Strains, Mosaic Analysis, and Fecundity Tests
The fly stocks used were obtained from the Bloomington Stock Center unless
otherwise indicated and as following: Oregon-R, w1118, EY03023, P{Dfd-lacZ-
HZ2.7} on X (W. McGinnis), nos-Gal4, c587-Gal4 (S. Selleck), Bam-Gal4
(D.McKearin),UAS-Gal4,otu1,U2AF-traF (T. Cline), and fkh-Gal4 (D. Andrews).
The combination of tra1 and Df(3L)st-j7 (denoted as Df(tra) in the Results
section and figure legends) was used to generate tra mutants. XO males
were made by crossing ncdD females to yw males.
Phf7DN2, Phf7DN18, Phf7D88 were generated by P-element excision of
EY03023. Phf7DN2 lost 2 kb upstream of the annotated transcription start
site and the first 595 bp of the transcript (resulting in deletion of aa 1–137 of
520). Phf7DN18 has its 1.5 kb upstream of the annotated transcription site
deleted together with the first 811 bp of the transcript (deleting aa 1–211).
Phf7D88 has not been mapped, but the entire open reading frame (ORF) as
well as the 50 portion of the Rab35 ORF have been removed.
The genotypes for mosaic genetic clonal analysis were: hsFLP/Y; FRT80B,
Ubi-GFP/FRT80B (for generating control clones) and Phf7DN2, hsFLP/Y;
FRT80B, BAC, Ubi-GFP/FRT80B (for generating Phf7 mutant clones).
The genotypes for the lineage tracing experiment were: FRT40A, arm-lacZ/
FRT40A, hsFLP (for marking of clones in control testes) and Phf7DN2/Y;
FRT40A,arm-lacZ/FRT40A, hsFLP (formarkingof clones inPhf7mutant testes).
To induce unmarked clones in both the genetic mosaic clonal analysis and
lineage tracing experiments, flies were heat-shocked in a circulating water
bath at 37C for 45 min, rested at room temperature for 1 hr, then treated at
37C again for 45 min.
Fecundity tests for females were performed by mating single test virgin
females to three newly-eclosed Oregon-R males for 1 week, and the resulting
progeny were counted 14 days after the cross was set up. For males, newly-
eclosed single test males were mated to 15 virgin Oregon-R females for
1 week, and the numbers of progeny produced were recorded 14 days after
the day the cross started.DevelopmBAC Tagging and cDNA Constructs
The BAC construct CH322-177L19 (BACPACResources Center; Venken et al.,
2009) was recombineered to generate three different epitope-tagged
transgenes of Phf7: TAP tag (3xFlag-Strep-6xHis) at the N terminus of Phf7
(Tiefenbach et al., 2010), 3xHA at the N terminus, and 3xHA at the C terminus.
UAS-Phf7 was constructed from a full-length cDNA clone (LD43541,
Drosophila Genome Resource Center) cloned into pUASPB, a modified
version of pUASP (Rørth, 1998) containing an attB site for phiC31 mediated
transgenesis. UAS-Phf7-HA has 3xHA inserted into the C terminus of the
Phf7 ORF. UAS-hPhf7 contains the human cDNA of PHF7 (BC022002, Open
Biosystems) in pUASPB. For transgenesis, BAC constructs were inserted
into PBac{yellow[+]-attP-3B}VK00033 (Venken et al., 2009) and cDNA
constructs were inserted into P{CaryP}attP2 (Groth et al., 2004).
In Situ Hybridization, RT-PCR, Western Blotting, and Histone Tail
Binding Assay
Embryonic in situ hybridization was carried out as previously described
(Lehmann and Tautz, 1994). Antisense probe for Phf7 was generated by
in vitro transcription of a Phf7 cDNA clone (LD43541). For RT-PCR, total RNA
isolated from various tissues was converted to cDNA with Superscript II
(Invitrogen) and PCR-amplified using Phf7 primers (9576cdsF: 50-GAGCTGA
TCTTCGGCACTGT-30; 9576cdsR: 50-GCGTATAGGCAGGTCACCAC-30) and
ribosomal protein (RpLP0) primers (RpLP0F: 50-AACATCTCGCCCTTCTCG
TA-30; RpLP0R: 50-CCACTCCCTGTTGGAACTTG-30) as controls. Western
blots were conducted by separating homogenized adult tissue samples on
acrylamide gels, transferred onto PVDF membranes (Millipore), and blotted
with mouse-a-FLAG (M2, 1:1,000, Sigma) and rabbit-a-histone H3 as loading
control (1:5,000, Abcam).
For histone tail binding assays, aa 1–274 ofDrosophila PHF7 (dPHF7-N) and
full-length human PHF7 were cloned into pMBP (S. Fugmann) to introduce the
maltose-binding protein (MBP) as a N-terminal tag, expressed in bacteria, and
purified using amylose resin (New England Biolabs). MBP-dPHF7-N, MBP-
hPHF7, or MBP-ING2 (Wilson et al., 2008) was mixed with biotinylated histone
H3 peptides carrying specific modifications (Millipore, Anaspec) in binding
buffer (50 mM Tris pH7.5, 150 mM NaCl, 0.1% NP40, 100 ng/mL BSA),
pulled-down with streptavidin agarose (Sigma), and analyzed by western
blotting with rabbit-a-MBP (1:10,000, New England Biolabs).
Immunofluorescence
Immunofluorescence on adult gonads and polytene chromosomes were per-
formed as previously described (Go¨nczy et al., 1997; Swaminathan et al.,
2005). Confocal images were taken on ConfoCor3 (Zeiss).
Primary antibodies and the concentrations used are as follows: rabbit-
a-vasa, 1:10,000 (R. Lehmann); chicken-a-vasa, 1:10,000 (K. Howard); rat-
a-N-cadherin, 1:20 (DN-EX#8, DSHB); mouse-a-hts, 1:5 (1B1, DSHB);
mouse-a-a-spectrin, 1:2 (DSHB); mouse-a-orb, 1:30 (4H8, DSHB); rabbit-
a-GFP, 1:1,000 (Torrey Pines Biolabs); rabbit-a-b-gal, 1:10,000 (Cappel);
mouse-a-a-tubulin, 1:500 (DM1a, Sigma); mouse-a-g-tubulin, 1:100 (Sigma);
rat-a-HA, 1:100 (3F10, Roche); mouse-a-BamC, 1:25 (DSHB); rabbit-a-trime-
thylated H3K4, 1:100 (Millipore), rabbit-a-dimethylated H3K4, 1:100 (Y47,
Abcam); rabbit-a-trimethylated H3K27, 1:100 (Millipore); rabbit-a-activated
Caspase-3, 1:100 (BD); and rabbit-a-phospho-histone H3, 1:100 (Millipore).
To analyze oriented centrosome pairs in male GSCs, testes were dissected
from freshly eclosed males, fixed, and stained with mouse-a-g-tubulin along
with other markers. Z stack confocal images were taken to analyze whether
centrosomes were at the interface between GSCs and the hub. Only GSCs
containing a pair of replicated centrosomes were scored. The procedure for
analyzing spindle orientation was similar, except testes were stained with
mouse-a-a-tubulin. Mitotic indices of GSCs and cyst stem cells (CySCs)
were scored by calculating the number of either cell type positive for phos-
pho-histone H3 (pH3) per testis. CySCs were defined as pH3+ nuclei not
costained with the germline marker vasa.SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and one table and can be found
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